Conformational changes of the double-stranded DNA helix in response to dehydration were investigated by monitoring, by agarose gel electrophoresis, the linking number of covalently closed circular DNA generated by ligation of linear DNA in the presence of different organic solvents or at different temperatures. It was found that: (i) The Hydration and dehydration of DNA has been studied for the past two decades (see refs. 1-3 for reviews). By using the analytical ultracentrifuge, DNA has been found to be dehydrated upon increase of temperature (4-6). It has been reported that DNA denaturation occurs in a number of organic solvents due to dehydration (7-11). Extensive studies of the effect of dehydration on DNA conformation have been carried out using circular dichroism (CD). The conformation of DNA in a thin film (12) or in aqueous organic solvent mixtures (13-18) has been correlated to the spectral change of CD. The decrease of the CD band at 270 nm in the presence of organic solvent has been attributed to the presence ofC form DNA (C DNA) (12-18). On this basis, C DNA has been assumed to prevail at high salt concentrations (19) (20) (21) (22) (23) (24) or under low temperature conditions (in the premelting region) (25, 26) . However, the presence of C DNA is not supported by x-ray diffraction studies of the DNA in concentrated salt solutions (27) or in organic solvent/water mixtures (27, 28). DNA condensed from various ethanol/water solutions also failed to show the x-ray diffraction pattern of the C form (29).
Hydration and dehydration of DNA has been studied for the past two decades (see refs. 1-3 for reviews). By using the analytical ultracentrifuge, DNA has been found to be dehydrated upon increase of temperature (4) (5) (6) . It has been reported that DNA denaturation occurs in a number of organic solvents due to dehydration (7) (8) (9) (10) (11) . Extensive studies of the effect of dehydration on DNA conformation have been carried out using circular dichroism (CD). The conformation of DNA in a thin film (12) or in aqueous organic solvent mixtures (13) (14) (15) (16) (17) (18) has been correlated to the spectral change of CD. The decrease of the CD band at 270 nm in the presence of organic solvent has been attributed to the presence ofC form DNA (C DNA) (12) (13) (14) (15) (16) (17) (18) . On this basis, C DNA has been assumed to prevail at high salt concentrations (19) (20) (21) (22) (23) (24) or under low temperature conditions (in the premelting region) (25, 26) . However, the presence of C DNA is not supported by x-ray diffraction studies of the DNA in concentrated salt solutions (27) or in organic solvent/water mixtures (27, 28) . DNA condensed from various ethanol/water solutions also failed to show the x-ray diffraction pattern of the C form (29) .
Although a considerable amount of data has been accumulated, no conclusive results have been published to relate hydration of the DNA to its helical structure in solution. Depew and Wang (30) and Pulleyblank et al. (31) showed that the thermal effect on the DNA base-pair twisting angle could be accurately determined by agarose gel electrophoresis of covalently closed circular DNA generated at different temperatures. This type of system is useful for studying DNA structure in solution. For example, using a gel electrophoresis technique, Wang (32, 33) demonstrated that the DNA double helix has 10.4 ± 0.1 base pairs per helical turn in dilute solution. [It should be pointed out that Zimmerman and Pheiffer (34) found 9.9 base pairs per turn for DNA in concentrated solution. ] In the present studies, we have explored the effect of hydration on the helical structure of DNA in solution, using phage T4 DNA ligase to covalently close the linear plasmid DNA (pBR322 and pNT7) at various levels of dehydration by addition of methanol, ethanol, glycerol, ethylene glycol, dimethyl sulfoxide, and tetrahydrofuran or exposure to different temperatures. The thermodynamic properties of superhelix formation and the conformational changes of DNA resulting from the different states of dehydration are discussed. An argument is made for the interpretation of the CD spectra of DNA in organic solvent/water mixtures and those in the premelting temperature regions. The implications of DNA hydration and dehydration and their effects on DNA-protein and DNA-drug interactions are discussed.
MATERIALS AND METHODS Closed-circular plasmid DNA (pBR322 or pNT7), purified from Escherichia coli host cells, was cut by endonuclease EcoRI (Bethesda Research Laboratory, Rockville, MD) to the linear form. Linear plasmid pBR322 DNA (0.2 ,g) was then sealed at 150C to form the covalently closed circular form, using T4 DNA ligase (2 units) (Bethesda Research Laboratory) in the presence of various concentrations of organic solvents-methanol, ethanol, glycerol, ethylene glycol, dimethyl sulfoxide, and tetrahydrofuran. The ligation mixture (40 ,ul) was in 66 mM Tris HCl (pH 7.6)/6.6 mM MgClJ1 mM KCl/1 mM dithiothreitol. Similar reactions were carried out at 0°C, 15°C, 300C, and 38°C without addition of organic solvent for pBR322 and pNT7 DNA. The DNA ligation products, after ethanol precipitation, were dissolved in 10 Al of solution containing 10% (vol/ vol) glycerol, 0.1% sodium dodecyl sulfate, and 0.01% bromophenol blue and loaded onto a 0.7% agarose gel (30 X 30 x 0.3 cm). After electrophoresis at about 2 V/cm in Peacock's buffer (90 mM Tris/90 mM boric acid/2.5 mM Na2EDTA, pH 7.8) for 20 hr, the gel was stained with ethidium bromide (0.5 pAg/ml) in the dark for 1 hr. Photographs of the gel were taken with a Polaroid camera under UV illumination. The negative of the gel photograph was scanned by a Gilford spectrophotometer to determine the relative population of molecules of each closed circular DNA, and also to estimate the Gaussian center of the DNA distribution.
In order to resolve the closed circular DNA bands near the open circular DNA position, a second-dimension electrophoresis, 900 to the first dimension, was conducted in the same buffer, but containing 0.03 A.M ethidium bromide, at 1.25 V/ cm for 18 hr.
Theoretical and experimental research of the topology of circular DNA has been considerably developed recently (30-33, Abbreviation: CD, circular dichroism.
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Because the linking number of the closed-circular DNA is independent of the conditions, i.e., Lka = Lk' and Lkb = Lk from Eq. 2 and 3 we obtain (Lka-Lb) = (TWa -TWb) + (Wra -WRb). [4] Thus helix would unwind further at higher organic solvent concentrations, but these are not accessible in the present system because the ligase loses its activity. More hydrophobic organic solvents such as tetrahydrofuran (data not shown because of difficulty ofcontrolling the concentration in the experiment due to its volatility) exhibit a similar effect. Thus, such unwinding of the DNA duplex caused by dehydration is likely to be a common phenomenon in organic solvents (10) . Two-Dimensional Gel Electrophoresis. Fig. 4 shows the DNA band pattern of a two-dimensional gel electrophoresis of samples containing positive and negative supercoiled (relative to the open-circular DNA) DNAs. The two-dimensional gel pattern of several individual samples is shown in Fig. 5 . In the first-dimension electrophoresis, most of the positive and the negative superhelical DNAs migrate faster than the open-circular DNA. During the second-dimension electrophoresis, the originally positive superhelical DNA in the first dimension binds with the ethidium bromide added in the buffer and gains positive superhelicity so that it migrates faster, while the originally negative superhelical DNA loses negative superhelicity and migrates slower (38) . Because of such differentiation of the mobility of DNA-ethidium bromide complexes, the originally positive and the negative supercoiled DNAs are then separated on both sides of the arch formation and are clearly distinguishable in the second dimension. The positive superhelical DNA bands are on the right-hand side of the arch, while the negative ones are on the left-hand side. The top band in the first-dimensional gel electrophoresis contains open-circular DNA and relaxed closed-circular DNAs. They are resolved in the seconddimension gel electrophoresis. It is clear that the open-circular DNA in the first dimension migrates faster than the most relaxed closed-circular DNA bands (Figs. 4 and 5) . This may be due to the fact that open-circular DNA has higher molecular flexibility so that it passes through the pores of the gel easier. The relative mobility of the positive and the negative superhelical DNAs is affected by the gel temperature (38) , the ionic strength in the gel (which forms a gradient from cathode to anode), and the molecular dimensions (determined by the linking and the writhing numbers). With two-dimensional gel electrophoresis and one-dimensional electrophoresis at different temperatures or in the presence ofdifferent concentrations ofethidium bromide (38) , the measurement of the Gaussian center of each DNA sample was accurate within ±0.2 turn.
Thermal Effect on the Unwinding of DNA Helix. Depew and Wang (30) and Pulleyblank et al. (31) reported that the untwisting of the base pair of DNA is about -0.012o per base pair per degree Celsius, assuming no bending of DNA occurs in this process (i.e., AWr = 0). We obtain a similar value for our pBR322 and pNT7 DNAs. Vinograd et al. (4) and Tunis and Hearst (5, 6) found that DNA dehydration occurs when temperature is increased. As shown in the previous section, these two phenomena (i.e., DNA unwinding and dehydration) are concomitant events in solution.
In addition to estimating the free energy AG of superhelix formation (30, 31, 41) , we have determined the AH and AS for this process (Table 1) . We find that AH is independent of both DNA size and its conformation (or equivalent linking number), whereas AS is proportional to the equivalent linking number of the DNA. For instance, for unwinding one linking (i.e., Lk, = Lkn ) of a DNA helix, the AH is about 12.2 ± 0.4 kcal/mol, independent of n (1 kcal = 4.184 kJ), while AS = 2nkR and d(AS)/dn = 2kR, in which n is the relative equivalent linking number with reference to the state of DNA of AS = 0 for unwinding; R is the gas constant; and k is equal to 1117/number of base pairs of the DNA, and is described as B/2RT by Pulleyblank et al. (31) and K/RT by Depew and Wang (30) . The d(AS)/dn is inversely proportional (with a constant of 4444 cal-base pair/molK for unwinding one linking) to the number of base pairs in DNA (Fig. 6 ). This is similar to the relationship between the molecular weight ofa DNA and its k value reported by Pulleyblank et al. (31) . The AH, AS, and d(AS)/dn for unwinding a DNA helix of n relative equivalent linking number by i linkings (i.e., Lkn Lkn0i) are i x 12.2 kcal/mol, 2inkR, and 2ikR, respectively.
The physical representation of a DNA duplex at the state of zero entropy for unwinding (i.e., AS = 0) is of interest. In the previous paragraph, we designated this state as the reference point for counting the relative linking number ofa DNA. Under the experimental conditions, we obtained AS = 35 + 5 cal/ mol-K for unwinding one linking, and the corresponding n values for each DNA studied are listed in Table 1 . For instance, the relative linking number of pBR322 DNA is 33. Our calculations also show that there are about 127 ± 14 base pairs per relative linking in each DNA studied (Table 1) . Other implications ofthe relative equivalent linking ofa DNA duplex (linear or nicked circular) for its structures and conformations are still unclear.
Form C DNA in Solution? It has been suggested from the decrease ofthe CD band in the 270-nM region that DNA transforms from the B to the C form upon introduction of organic solvents (13) (14) (15) (16) (17) (18) or high salt concentration (19) (20) (21) (22) (23) (24) into the system or upon lowering ofthe temperature (25, 26) (1981) tral properties (e.g., the n -+ irw*transition) etc., may be responsible for the CD change in this region. X-ray diffraction studies (27) (28) (29) have also concluded that there is no transition to the C form DNA. DISCUSSION Unwinding of the DNA helix has been believed to be a characteristic behavior of DNA-intercalating drugs since it was reported by Lerman (43) and Keller (38) . However, winding or unwinding of DNA by nonintercalating agents such as metallic ions (39) , DNA gyrase (44 46) , DNA polymerase (47) , and histones (48-50) has also been observed. Our finding of DNA unwinding by organic solvents (nonintercalating agents) indicates that dehydration leads to a structural perturbation (i.e., decrease of the linking number) similar to that caused by the intercalating agents. However, there is evidence that organic solvents (7-10) and elevation of temperature, as opposite to the intercalating agents, tend to destabilize or denature (in the severe cases) the DNA double helix in solution. This suggests that the water activity in the microenvironment of DNA is related to the stability of the DNA duplex and is expressed in terms of DNA conformation (Tw + Wr, or supercoiling). The (52) .
